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Abstract
Cultivated peat soils are a main driver for CO2 and N2O emissions, while the gas fluxes are dependent on
intrinsic soil properties and land use. Sand addition into peat soils might reduce greenhouse gas (GHG)
emissions and enhance soil strength, and thus the ability to tolerate soil compaction. Soil compaction due
to vehicular traffic leads to a decrease in aeration and changes in water flow, which might alter microbial
activity and gas flow. The goal of this thesis was to investigate how soil compaction with different
stress levels and sand addition affect soil physical properties and GHG emissions of peat soils. Incubator
measurements three days before and after compaction were used to analyze the effect of soil compaction,
which was conducted in a uniaxial compression machine. Furthermore, a new method was developed to
observe the dynamics of gas fluxes during compaction. Field measurements complemented the laboratory
study to determine the effect of sand addition. The compressive behaviour of peat soils was examined
using the compression (Cc) and recompression index (Cs) which are measures for soil compressibility and
rebound after stress release. This study shows reduction of CO2 emissions after compaction. However,
this effect might be due to the high initial water-filled pore space and at lower water contents, compaction
might have the opposite effect on GHG emissions. Higher mechanical loading had an effect on CO2 fluxes,
while the trend was unclear and seems to be dependent on water content. Methane fluxes were below
the detection limit and compaction might lead to hot moments in N2O emission. Sand addition reduced
CO2 emissions and influenced the compressive behaviour of peat soils by reducing soil compressibility but
also rebound. Linear relationships between soil mechanical properties and initial void ratio were found,
indicating the high dependency of mechanical behaviour on intrinsic soil properties. In conclusion, sand
addition might be a good agricultural management practise for cultivated peat soils, while the impact of
soil compaction on GHG emissions under different moisture regimes has to be further assessed. This pilot
study, emphasizes a need of further research to improve understanding the influencing factors of vehicular
traffic as well as sand addition on GHG emissions and soil mechanical properties of cultivated peat soils.
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Popular-scientific summary
Peatlands store the majority of the global carbon stocks and are mainly managed for agriculture and
forestry. This management includes the lowering of groundwater levels (drainage) and fertilization, which
leads to changes in soil properties and the microbial activity in the soil. Therefore, cultivated peat soils
are a main driver for greenhouse gas (GHG) emissions like carbon dioxide and nitrous oxide and in order to
reduce its climate impact, a sustainable management of cultivated peat soils is needed. Therefore, more
research has to be conducted to find applicable solutions as well as to understand the impact of current
agricultural practices on GHG emissions. A common practice is to mix sand into the upper part of peat soils
to improve crop growth and soil strength, thus the ability to tolerate soil compaction. This reduces the
risk of tractors to sink in. Sand addition changes the soil composition and affects soil properties like water
and air flow in the soil, which could lead to lower GHG emissions. Vehicular traffic compresses the soil
and reduces the amount of air-filled pores in the soil. This might influence the microbial activity and gas
fluxes between soil and atmosphere. The goal of this thesis was to investigate how soil compaction with
different pressures and sand addition affects soil properties and GHG emissions of peat soils. Furthermore,
indicators for soil compressibility and rebound after stress release were analyzed to understand the impact
of vehicular traffic on peat with and without sand addition. In the laboratory, soil samples were compacted
in a compression machine at different compaction pressures to simulate vehicular traffic. A new method
was developed to measure the dynamics of GHGs during and shortly after compaction. This method
gives the opportunity to investigate direct changes in GHG fluxes, while incubator measurements three
days before and after compaction investigates the influence of compaction over a longer period. Field
measurements complemented the incubator experiment to assess the influence of sand addition on GHG
fluxes. The study shows that carbon dioxide emissions were lower when soil was compacted while nitrous
oxide emissions only occurred after compaction. This might be due to high initial water contents and
at lower water contents, which is more realistic for field conditions, compaction could have the opposite
effect. Higher compaction pressure influenced carbon dioxide emissions, but the trend was unclear and
seemed to be dependent on water content. Sand addition reduced carbon dioxide emissions, reduced soil
compressibility but also rebound. In conclusion, sand addition might be a good management practice for
cultivated peat soils, while the impact of soil compaction on GHG emissions at different water contents
has to be evaluated in the furture. This pilot study emphasizes a need for further research to improve
understanding the influencing factors of vehicular traffic as well as sand addition on GHG emissions and
soil mechanical properties of cultivated peat soils.
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1 Introduction
Peatlands store about 1/3 of global soil carbon while covering only 3 % of the earth’s surface (Joosten
and Clarke 2002; Page and Baird 2016). They have a thick layer of organic material and typically organic
matter contents above 30 % (dry weight), accumulated over centuries or millennia (FAO 2014; Page and
Baird 2016). The majority is located in the northern hemisphere in temperate lowlands and montane areas
(FAO 2014). Peatlands are distinguished between nutrient-rich fens and nutrient-poor bogs, depending
on the water source and nutrient inflow (Page and Baird 2016). The formation of peatlands is always
ongoing when the input of carbon to the ecosystem is higher than the outflow (Page and Baird 2016).
Mineralization of the organic material is usually slow due to anaerobic conditions and at low temperatures.
Peat soils are very porous and have low bulk density, so they have high water-holding capacities (Page
and Baird 2016). Many natural peatlands were drained, limed and fertilized for cultivation (Joosten and
Clarke 2002). This leads to fast oxidation and degradation of the organic matter. Therefore, natural
peatlands act as a net carbon sink while cultivation leads to high GHG emissions (Page and Baird 2016).
Agriculture and forestry, the most widespread use of peat soils, are the main driver for CO2 and N2O
emissions (K. Berglund 1996; Joosten and Clarke 2002; Page and Baird 2016; Lennartz and Liu 2019).
For Sweden, it is estimated that 6-8 % of the annual anthropogenic GHG emissions arise from cultivated
organic soils (Ö. Berglund and K. Berglund 2011). In order to propose mitigation measures to reduce
the impact of peat soils to climate change, the influence of different agricultural practises such as soil
compaction and sand addition on GHG fluxes has to be determined.
Soil compaction is problematic for agricultural purposes as it negatively affects soil structure and
crop growth (Keller et al. 2012; Stolte et al. 2015). However, there have been some contradictory
studies showing that compaction of cultivated organic soils enhances crop yield (Othman et al. 2009;
Reichert et al. 2009; Melling 2016). Mechanical loading increases the bulk density, improves anchorage
of roots and nutrient supply while fertilizer leaching is reduced (Busman et al. 2021). The reduction of
air-filled pore space and changes in water flow influences microbial activity and mineralization rate (Beare
et al. 2009; Stolte et al. 2015). Thus, it can be expected that compaction reduces CO2 emission. On
the other hand, Busman et al. (2021) observed that compacted peat soils have higher CO2 emission
than uncompacted peat soils. These findings are contradictory to those studies conducted for cultivated
mineral soils, showing a reduction in GHG emissions after compaction (Teepe et al. 2004; Ruser et al.
2006; Gregory et al. 2007; Frey et al. 2009; Weisskopf et al. 2010; Mordhorst et al. 2014). Information
on the effect of compaction on cultivated peat soils and its influence on carbon and nitrogen cycle is very
1
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scarce. Therefore, the objective of this study is to investigate the effect of compaction with different
mechanical loadings on GHG emissions of peat soils.
1.1 GHG emission of peat soils
GHG emissions of peat soils are dependent on climate, microbial activity, intrinsic soil properties such as
peat type, substrate quality, oxygen supply and water content as well as land use management (K. Berglund
1996). CO2 emission derive from aerobic, microbial mineralization of soil organic matter or plant and
root respiration (Ryan and Law 2005; Mäkilä and Goslar 2008). In general, increase of soil temperature
and optimal moisture conditions for soil respiration lead to higher CO2 fluxes. Therefore, highest CO2
emissions of peat soils can be expected during summer, when temperature is high and at medium water
content (Ö. Berglund 2011). The transport of CH4 is either diffuse, plant mediated or by gas bubbles
(ebullution) (Bridgham et al. 2013). Methane forms during anaerobic metabolism of microorganism and is
highly dependent on soil temperature, soil moisture and compaction (Murdiyarso et al. 2010). Drainage
decreases net CH4 emissions while peat soil compaction enhances production of CH4 due to altered
aeration in the soil matrix (Murdiyarso et al. 2010; Nawaz et al. 2013). In spring and autumn, peaking
N2O emissions can be observed (Ö. Berglund 2011) because of an increased mineralization rate due to
drying and rewetting (DeLuca et al. 1992; Tiemeyer et al. 2016). Nitrous oxide forms during nitrification
and denitrification (Firestone and Davidson 1989). At high water contents, denitrification is the most
important process leading to very high N2O emissions from peat soils (Pihlatie et al. 2004; Ruser et al.
2006; Ö. Berglund 2011).
1.2 Influence of sand addition on GHG emission
Peat soils usually have a low bearing capacity, low bulk density and high porosity. In agricultural manage-
ment, this has to be considered because it increases the risk of vehicles sinking in the peat (Uusitalo and
Ala-Ilomäki 2013). This is a limiting factor for cultivation, especially for sowing in early spring. Therefore,
sand addition is a commonly used tool to improve soil properties and trafficability for agricultural use (Mc-
Coy 1998; Walczak et al. 2002; Sognnes et al. 2006; Ö. Berglund 2020). Increased mineral content leads
to higher bulk density, and changes in hydraulic conditions enhance soil stability (Sognnes et al. 2006).
Furthermore, incorporation of sand into cultivated peat soils can reduce rapid degradation of organic
matter and improve physical properties for plant growth (McCoy 1998; Walczak et al. 2002; Sognnes
et al. 2006; Ö. Berglund 2020). Changes in porosity and aeration might alter GHG exchange, resulting in
2
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lower CO2 emissions when mineral content is increased (Ö. Berglund 2020). The main driver for altered
GHG emissions might be the reduction of soil water contents induced by sand addition (Mattsson 2018).
In an ongoing field trial, Ö. Berglund (2020) investigates GHG emissions on peat with sand additions and
observed trends in lower CO2 emissions and increased bearing capacity. This study is part of that project
and encompasses lab and field GHG measurements to support these findings.
1.3 Influence of soil compaction on GHG emissions
Soil compaction due to vehicular traffic is a well-known problem in agriculture by affecting soil structure
and ecosystem functioning. Compaction is defined as densification and distortion of soil when applied
stresses exceed soil strength (Huber et al. 2008). The densification leads to a reduction of total and air-
filled porosity, leading to altered aeration and water flow. This might change microbial respiration, nutrient
cycling, gas flow and hence GHG emissions (Stolte et al. 2015). For mineral soils, several studies have
shown that the reduction of aeration by soil compaction induces a significant increase of N2O emissions by
denitrifying microorganisms (Teepe et al. 2004; Ball et al. 2008). The reduction of macropore volume and
increase in water-filled pore space (WFPS) in forest soils leads up to 40 % higher N2O emissions and up
to 90 % decrease of CH4 consumption (Teepe et al. 2004). Accordingly, soils can turn from being a CH4
sink to a source by compaction which has been shown for agricultural, mineral soils (Ruser et al. 1998;
Sitaula et al. 2000). Mordhorst et al. (2014) observed a short-time burst effect of CO2 due to outgassing
of compressed pores during compaction for Luvisols. Comparing the day before and after compaction they
found significantly lower CO2 emissions due to decreased soil respiration (Mordhorst et al. 2014). This
biological effect is also dependent on the intensity of compaction where higher mechanical stress leads to
lower CO2 respiration (Frey et al. 2009). Furthermore, the effect of CO2 reduction after compaction can
be dependent on water content and soil texture (Gregory et al. 2007; Weisskopf et al. 2010). However,
these studies were conducted with mineral soils. Thus, it is unclear whether these findings are applicable
for organic soils. Contradictory, a recent study measured higher CO2 emissions and lower CH4 emissions
at higher bulk densities due to packing for peat soils (Busman et al. 2021). In consequence, more studies
are needed to assess GHG emissions from compacted organic soils.
1.4 Compressive behaviour of peat soils
Peat soils are known for their problematic conditions for engineering purposes and agricultural manage-
ment. In general, peat soils have a high porosity, high void ratio, low bulk density and low bearing capacity.
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These conditions explain the low soil strength, although the compressive behaviour of peat soils is com-
plex. Peat soils are very heterogeneous both laterally and vertically due to different stages of degradation,
plant residue and vegetation (Den Haan 1997). The compressibility is dependent on the degree of de-
composition and peat type (Asselen et al. 2009; Yang et al. 2016; Canakci et al. 2019). Therefore, it is
possible to have high variability in bearing capacity within and between stands (Uusitalo and Ala-Ilomäki
2013). However, the bearing capacity and soil strength determine the feasibility of heavy machinery traffic
in these areas. This variability has to be taken into account for the predictions of mechanical behaviour,
as soil mechanical properties are dependent on the intrinsic properties of soil.
Many studies, analyzing mechanical behaviour of peat soils, are conducted for engineering purposes.
There the focus lies on long-term settlement behaviour, secondary and tertiary compression of peat soils
(Ajlouni 2000). For that reason, compaction stresses are applied in increment loading tests, where every
loading step lasts for 24 hours or multiple days (Rahman et al. 2004; Wong et al. 2009; Yang et al. 2016;
Canakci et al. 2019). Vehicular traffic on cultivated peat soils is little studied and results of long-term
compaction trials might not be applicable to describe mechanical behaviour of peat soils to short-term
compaction. Vennik et al. (2019) used a loading time of 90 seconds for the vertical stress of 100 kPa,
which is still two magnitudes higher than the normal passage of a tyre. The approximate applied stress
by an agricultural tyre at 5 km/h lasts for 2 seconds while the loading with > 0.5 of maximum stress
affects the soil only 1 second (Keller et al. 2012). Therefore, compaction studies with shorter loading
and holding times are needed to simulate vehicular traffic.
Resistance to compression (soil strength) is negatively affected by higher soil organic carbon contents.
However, soils with higher soil organic carbon contents are more resilient to compaction (Zhang et al.
2005; Kuan et al. 2007; Keller et al. 2011). Soil resistance to compaction is commonly expressed by
the compression index Cc, which indicates the soil deformation behaviour when mechanical loading is
increased. After compaction, when the load is removed, the soil rebounds. This behaviour is expressed by
the recompression index Cs (Kuan et al. 2007; Keller et al. 2011; ElMouchi et al. 2021). The properties
of Cc and Cs are typically described by the relationship between the logarithm of applied stress and the
void ratio shown in Fig. 1. Thereby, Cc represents the slope of the virgin compression line (VCL), which
follows along the loading path, while Cs is determined as the slope of the swelling line (SL) (Keller et al.
2011). When the void ratio is high, the particle to particle contact is lower so that less energy is needed
to rearrange particles (Keller et al. 2011). Consequently, high initial void ratios of organic soils lead to
a large deformation when external load is applied (ElMouchi et al. 2021). This means that soils are less
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Fig. 1: Left: Measured compression curve described by void ratio (e) as a function of the logarithm of applied stress (σ).
Right: Idealised compression behaviour of soil which is plastic and irreversible along the virgin compression line (VCL) and
elastic and reversible along the swelling line (SL). Slopes of VCL and SL are termed compression index Cc and recompression
index Cs (Keller et al. 2011).
resistant to compaction (high Cc) at high initial void ratio. Organic soils have Cc ranging between 0.5-18,
while clay soils are lower and lie between 0.2-0.8 (Lefebvre et al. 1984; Yamaguchi et al. 1985; Ajlouni
2000; Abdel Kadar 2010; ElMouchi et al. 2021). High water contents of organic soils and initial void ratio
explain the relatively high Cc of organic soils (ElMouchi et al. 2021). The rebound index Cs is positively
correlated to organic content and precompression stress (Lefebvre et al. 1984; Yamaguchi et al. 1985).
However, the rebound behaviour of peat soils is very complex and further studies on Cs are missing.
In this study, organic soils with and without sand addition were compacted with different vertical
stresses to analyse the mechanical behaviour and (re-)compression characteristics. Sand addition leads
to stabilization of the peat soil by reducing void ratio, porosity and increasing bulk density (Sognnes et al.
2006). Therefore, peat soils with sand addition should be more resistant to compaction and have lower
Cc. Furthermore, water content and different stress intensities might have an influence on Cc and Cs.
1.5 Hypotheses
This report is divided into two parts, whereas the first encompasses field and laboratory GHG measure-
ments as well as the determination of chemical and physical properties of the studied peat soil. The
second part contains the development of the compaction tests with in-situ GHG emission measurements
and the description of some mechanical properties of peat soil. Thereby, following hypotheses will be
examined:
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• Sand addition reduces CO2 emissions
• CO2 emissions are lower after compaction due to decrease in soil respiration
• N2O emissions are higher after compaction due to reduction in aeration in the soil matrix
• An increase in mechanical loading has a higher effect on GHG fluxes
• An increase in mechanical loading leads to a higher change in porosity and WFPS
• Cc and Cs of organic soils are lower with sand addition
• Cc and Cs are dependent on soil physical parameters (organic matter content, initial water content,
initial void ratio and initial porosity).
2 Material & Methods
Field and laboratory measurements of undisturbed soil samples with and without sand addition were
conducted to evaluate the influence of sand addition on GHG emissions. After three days of GHG
flux measurements in an incubator, samples were compacted with a uniaxial compression machine with
vertical stresses of 100, 200 or 300 kPa to simulate realistic contact pressures of tractors (Arvidsson
and Keller 2007; Ungureanu et al. 2016). A new method to measure the dynamics of GHG during
compaction as well as directly before and after was developed by connecting the gas analyzer via tubes
to the compression machine. This method provides the opportunity to investigate direct changes in GHG
concentrations during and shortly after compaction, while the incubator measurements investigates the
change in GHG emissions three consecutive days before and after compaction. Upon completion of the
compaction and GHG measurements, soil samples were extracted and further processed for soil chemical
and physical analysis. Afterwards, calculations of the mechanical behaviour of the soil to describe the
compressibility and of peat soils with and without sand addition were conducted. In this report, vertical
stress and (compaction) pressure were used as synonyms to improve read-flow, although vertical stress
is the correct, scientific expression to describe the compaction of soils.
2.1 Field design and field site description
The field site is located in Broddbo at the peatland area Bälinge mossar (60.03N, 17.43E) and vegetated
with timothy (Phleum pratense). Since 2016, there is an ongoing field trial with different amounts of
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sand additions in a randomized block design (Fig. 2). There are three blocks with each a control plot (A),
a plot with 2.5 cm (B) and one with 5 cm foundry sand (C) mixed into 10-15 cm depth of the topsoil,
respectively. The field is fertilized twice a year (spring, autumn) and harvested in the beginning of July as
well as in the beginning of September. The field site classifies as a fen peat with a von Post degradation
degree of H9-H10 (Ö. Berglund 2011) and Corg and Ctotal contents are very similar, which is typical for
peat soils. A summary of the mean values of the chemical and physical properties for plot treatment A
and C measured 2021 are presented in table 1, whereas the methodology is explained in section 2.7. The
results align with measurements conducted in 2017 (Mattsson 2018; Ö. Berglund 2020). Incorporation
of sand leads to changes in the soil composition. The organic matter content is three times lower with
sand addition and there are differences between Corg, Ctotal and Ntotal contents between plot treatments.
Furthermore, bulk density and particle density are higher, whereas the initial porosity is lower when sand
is added.
Table 1: Soil properties of the topsoil (0-10 cm) for both plot treatments A (control) and C (sand addition). Standard
deviations in brackets and significant differences between plot treatments indicated according to p-values of Wilcoxon rank
sum test: *** < 0.001, ** < 0.01, * < 0.05. 1(Berglund 2011), 2initial values before compaction.
Parameters Treatment A Treatment C Significance level
von Post H9-H10 fen peat1 H9-H10 fen peat1
pH (H2O) 6.15 (± 0.05) 6.46 (± 0.11) **
Organic matter [%] 82.06 (± 5.88) 26.35 (± 6.13) ***
Ntotal [%] 3.32 (± 0.22) 0.77 (± 0.26) ***
Ctotal [%] 47.42 (± 2.36) 12.78 (± 3.56) ***
Corg [%] 47.11 (± 2.33) 12.46 (± 3.53) ***
Particle density [g cm−3] 1.63 (± 0.05) 2.25 (± 0.10) ***
Bulk density [g cm−3]2 0.30 (± 0.02) 0.67 (± 0.12) ***
Porosity [%]2 81.92 (± 0.86) 70.14 (± 4.57) ***
Fig. 2: Left: The field experiment at Broddbo has a randomized block design with different amounts of sand additions. A
represents the control plot (turquoise), B 2.5 cm foundry sand (white) and C 5 cm foundry sand (orange) mixed into 10-15
cm topsoil. Each plot is 8 m by 4 m and is vegetated with timothy (Phleum pratense). Right: GHG flux measurement with
manual opaque chamber and Gasmet GT5000 Terra portable gas analyzer. (Photo: Antonia Hartmann).
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2.2 Field measurements
Field GHG measurements (CO2, CH4, N2O) were conducted six times between 19th April and 14th July
2021 using a Gasmet GT5000 Terra portable gas analyzer and at the first date Vaisala MI70 CO2-meter
(Fig. 2). Permanent polyvinylchloride frames (inner diameter 18.0 cm) were installed on each plot. For
the measurements, a manual opaque chamber (inner diameter 18.0 cm and 18.0 cm height) was attached
to the frames (Jordan 2016). The measuring time was 5 minutes and the sampling rate every 5 and 15
seconds for Gasmet and Vaisala device, respectively. The emission rate in the chamber headspace was
calculated using the ideal gas law and linear regression. The gas flux F over the closing time was estimated
in mg m−2 h−1 for CO2 and µg m−2 h−1 for CH4 and N2O with equation 1. Thereby, only rates with
a linearity of R2 ≥ 0.85 for CO2, N2O and ≥ 0.60 for CH4 were considered (Norberg 2017). The first
30 seconds of the measurements were rejected to account for non-linear fluxes occurring directly after








Where ∆c is the average change in gas concentration during measuring time ∆t (ppm time−1), V is the
volume of the chamber and tubes (m3), A the base area of the chamber (m2), p the atmospheric (Pa),
m the molecular mass of CO2 (44.01 g mol−1), R the ideal gas constant (8.3145 J mol−1 K−1) and
T the air temperature (K). The average height of the PVC frames was estimated with a ruler at four
points and included in the headspace volume. Furthermore, the volumetric water content (VWC) and soil
temperature were determined with a WET sensor (HH2 moisture meter, DELTA-T Devices, Cambridge,
England) at three points next to the frames to avoid disturbance. Air temperature was measured using
the temperature sensor attached to the opaque chamber.
In the statistical analysis only treatment A and C were compared, as treatment B was not included in
the laboratory experiment. A linear regression analysis was used to check the analysis of variance (ANOVA)
prerequisites of a linear relationship between measured soil temperature and VWC to the response variable.
Different linear mixed-effect (lme) models with a time series structure and plot number as random effect
were conducted to analyze potential treatment effects and interactions between plot treatment (A, C),
soil temperature and VWC. The CO2 fluxes were log-transformed to improve the residuals of the model.
The best model included temperature and plot treatment without VWC and any interactions and was used
in the ANOVA. Fluxes of CH4 and N2O were below detection limit, and hence excluded in the analysis.
8
MSc. Thesis Antonia Hartmann Greenhouse gas emissions from compacted peat soil
Statistical analysis was carried out in RStudio 4.0.0 (R Core Team 2020) using the package “nlme” for
the model (Pinheiro et al. 2020).
2.3 Soil sampling and preparation
In spring 2021, undisturbed cylindrical soil cores (height 10 cm, diameter 7 cm) were sampled at each plot
of the control treatment (A) and 5 cm foundry sand (C) with six replicates leading to 36 samples. The soil
samples were very moist and had a high variance in water contents. High water contents are problematic
for the compaction experiment due to methodological reasons discussed in section 4.5. Consequently, the
water content of half of the samples was reduced by air-drying them at 30 °C for 24 h. Mean VWC and
water-filled pore space (WFPS) and standard deviations per plot treatment are shown for “air-dried” and
fresh samples, which thereafter are called “M1” and “M2”. The factor variable of “M1” and “M2” samples
will be denoted as “moisture level”. Wilcoxon rank sum tests were conducted for analyzing the difference
between moisture level of VWC and WFPS per plot treatment.
Table 2: Mean VWC (volumetric water content) and WFPS (water-filled pore space) and standard deviations in brackets
for both plot treatments (A and C). "M1" samples were air-dried at 30 °C for 24 h and “M2" represents field fresh samples.
P-values of Wilcoxon rank sum test indicate significant differences between plot treatment: *** < 0.001, ** < 0.01, * <
0.05.
Treatment A Treatment C
Moisture level VWC [%] WFPS [%] VWC [%] WFPS [%]
M1 62.2 (± 2.9) 76.4 (± 4.4) 52.8 (± 3.3) 74.2 (± 3.4)
M2 70.3 (± 1.9) 85.4 (± 2.2) 55.8 (± 6.1) 81.0 (± 8.4)
Significance level *** *** ** **
2.4 Description of the compaction experiment
In this study, soil samples were compacted with 100, 200 or 300 kPa to mimic contact pressures of
different vehicles used in agriculture (Arvidsson and Keller 2007; Ungureanu et al. 2016). Compaction
trials were conducted in a uniaxial compression machine with two 10 KN load cells (S9M/10 KN, HBM
GmbH, Darmstadt, Germany) to apply the vertical compaction force via the piston on the soil core. The
piston moves down and compresses the soil in the cylinder with a defined loading rate (0.5 mm/sec) until
the targeted vertical stress (σ) is reached. Then the piston stays in place for 120 seconds. Afterwards,
the piston is unloaded to 1 kPa (log(σ) = 0) with a rate of 5 mm/sec. These settings were chosen to
mimic machinery traffic with different contact pressures and a relative short compression and holding time.
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The loading rate and holding time were still two magnitudes higher than at field conditions. This time
was chosen to capture GHG dynamics during compaction described in section 2.6 and was similar to the
180 seconds compaction time of Ball et al. (2008). Data of applied stress on soil core and displacement
height were measured per second during the whole loading and holding time. After unloading, the final
displacement height was measured at four points in the cylinder with a ruler (Fig. 3).
2.5 Incubator measurements
Greenhouse gases (CO2, CH4, N2O) were measured on three consecutive days before and after com-
paction in an air-tight polypropylene jar (height 12 cm, diameter 11 cm) connected to the gas analyzer
(Gasmet GT5000 Terra portable gas analyzer) shown in Fig 3. The measurements took 3.5 to 10 minutes
with a sampling rate of 5 seconds until at least a 100 ppm change in CO2 emissions was detected. The
emission rate was calculated with the ideal gas law and the linear change of each gas during closure time
while the first 30 seconds after closure were omitted. Furthermore, only measurements with a linearity of
R2 ≥ 0.85 for CO2, N2O and ≥ 0.60 for CH4 were used (Norberg 2017). The gas fluxes F in mg g−1 h−1
were calculated using equation 2, where ∆c/∆t is the average change in concentration of the gas during
measuring time (ppm time−1), V is the volume in the incubator and tubes (m3), m the molecular mass of
the gas (g mol−1), R the ideal gas constant (8.3145 J mol−1 K−1), T the ambient air temperature (K)
and w the dry soil weight (g):
F =
∆c
∆t ∗V ∗ p∗m
R∗T ∗w
(2)
The volume of the incubator was calculated by subtracting the volume of the cylinder from the total volume
of the jar and adding the volume of the tubes for in- and outflow to the gas analyzer. Furthermore, the
displacement of soil after compaction was measured at four points and included as air volume (Fig 3).
For the statistical analysis, CO2 and N2O emissions were log-transformed to meet normality and
homoscedasticity requirements of the four-way-ANOVA. Therefore, only fluxes 6= 0 mg g−1 h−1 could
be used in the model. Multiple lme models with time series structure, cylinder number and plot as
random factors were used to test significances in gas emissions between the different treatments and its
interactions: day (days 1-3, 5-7), pressure level (100, 200, 300 kPa), plot treatment (A, C) and soil
moisture. The numerical variables, VWC and WFPS did not meet linearity requirements to the response
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Fig. 3: Left: GHG flux measurements with air-tight polypropylene jar (incubator) and Gasmet GT5000 Terra portable gas
analyzer Right: Measurement of the displacement height after compaction for exact calculation of the soil physical properties
and air volume for GHG flux calculation (Photos: Antonia Hartmann).
variable for the ANOVA, therefore the factor variable “moisture level” (M1, M2) was used as categorical
input variable. The best lme model for CO2 included interactions between day, moisture level and pressure
level as well as the interaction of day, moisture level and plot treatment. For N2O only differences between
days after compaction could be analyzed. The lme model only included the factor day, as many fluxes
were not detectable and had to be excluded. Afterwards, ANOVA and post-hoc tests were conducted
for pairwise comparisons of least square means for each time point and treatment variables used in the
corresponding model. Statistical analysis was carried out in RStudio 4.0.0 (R Core Team 2020) with
packages “nlme” (Pinheiro et al. 2020) and “emmeans” (Lenth 2020).
2.6 Measurement of GHG dynamics during compaction
In order to capture the GHG dynamics during and shortly before and after compaction, a gas analyzer
(Gasmet GT5000 Terra portable gas analyzer) was connected via tubes to the compression machine
(see Fig. 4). A piston was built to fit the cylinder height of 10 cm and diameter 7 cm. The porous
cap ensured gas flow through channels of the piston. To ensure air-tight measurements during the
compaction, a rubber (My size 69mm, Singen (Hohentwiel), Germany) was pulled over the cylinder and
piston. This method was chosen due to the elasticity and flexibility of the rubber while the sharp edges
of the cylinder were covered by a small plastic ring to prevent ripping. The channels were connected to
inflow and outflow tubes of the gas analyzer to ensure a circulating system.
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a) b) c) d)
Fig. 4: a) Piston with porous cap and channels through piston core. b) Piston position on soil surface, rubber seals air-tight
around piston. c) Tube system connected to piston and integrated valves. Valves on the left side were only open during
flushing with soda lime. d) Whole setup of the uniaxial compression machine with a tube connection between piston and
GHG analyzer for gas measurements.
Before measuring GHG emissions of soils during compaction, the systems’s air-thightness was tested
by removing ambient CO2. The system was flushed with soda lime until all ambient CO2 was absorbed.
Then the connecting valves were closed again, thus the air circulated between an empty cylinder and the
GHG analyzer. Over a measuring time of 10 minutes, an increase of 33.3 ppm CO2 was detected. This
increase is small in comparison to the average change in CO2 concentration between start and end of
in-situ GHG measurement (473.9 ± 223.2 ppm). Therefore, leakages of tubes, connectors and rubber
could be neglected and the set-up considered as air-tight (Fig 5).
GHG concentrations were measured every second during the compaction as well as 3.5 min directly
before and after compaction. The sampling rate of 1 second is the smallest possible for the gas analyzer
and chosen to closely observe the dynamics during compaction. The measuring time before and after
compaction was selected to have a 100 ppm increase in CO2 concentration before and potentially after
compaction while not exceeding the detection limit of 2000 ppm CO2 and the water vapour limit of
the gas analyzer. This was the case in pre-tests due to high microbial activity in peat soils, high water
contents and the relatively small volume of the system. Linear emission rates were calculated for fluxes
before and after compaction using equation 2. Here, V included the volume of the tubes as well as the
channels in the piston. All N2O and CH4 fluxes were below the detection limit and some CO2 fluxes after
compaction did not fit the linearity requirements of R2 ≥ 0.85 and had to be excluded.
The statistical analysis to compare CO2 fluxes shortly before and after compaction was similar to the
incubator experiment described in section 2.5. CO2 emissions were log-transformed and an lme model with
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Fig. 5: Increase of CO2 concentration was 33.3 ppm within 10 minutes after removing ambient CO2 using soda lime.
Therefore, leakage of tubes can be neglected in compaction experiments.
time series structure used to test the influence of the factors time (before, after compaction), pressure
level (100, 200, 300 kPa), moisture level (M1, M2), plot treatment (A, C) as well as its interactions.
Cylinder and plot number were included as random effects. Moisture level was used as categorical variable,
as VWC and WFPS did not meet the model prerequisites. The final model for the ANOVA included factors
time, moisture level and plot treatment. Post-hoc tests were conducted for pairwise comparisons for each
factor using RStudio 4.0.0 (R Core Team 2020) with the packages “nlme” (Pinheiro et al. 2020) and
“emmeans” (Lenth 2020).
2.7 Measurement of chemical and physical properties
When the incubator measurements were finished, the soil sample of the cylinder was removed, weighted,
homogenized and divided into subsamples for further analysis in order to have exact data of the parame-
ters per cylinder (especially of bulk density, particle density and mineral content). For pH measurements
(1:5 deionized water), 5 ml fresh soil was used, shaken for 5 minutes and measured after 30 minutes.
A weighted subsample was air-dried for particle density measurement and the rest oven dried at 105 °C
for the determination of bulk density, VWC, loss of ignition and C/N analysis. Bulk density calculations
[g/cm3] were conducted before and after compaction by including the displaced volume for each cylinder.
Therefore, a back calculation to get the dry soil weight for the total cylinder was necessary, since only
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a weighted subsample could be oven-dried. Organic matter content was determined with the loss of
ignition method at 550 °C for 6 h for all 36 cylinders. Soil Corg, Ctotal and Ntotal contents were measured
using TruMac CN (LECO, St. Joseph, Michigan). Thereby, only half of the samples were analyzed and
compared to literature data. This is a commonly used measure to reduce costs, when high variation
within a plot is not expected. Particle density (mass of dry soil/volume of solid soil) was determined by
the liquid displacement method, where 10-15 g of air-dried soil (sieved and ground < 2mm) was weighed
into a 50 ml flask with two replicates per sample. Then, 35 ml of ethanol (D-sprit 95 %) was added
with a digital burette to each flask and magnetically stirred for 20 seconds. The flasks were placed in a
water bath at 20 °C. After three days, the flasks were stirred again for several seconds and after a few
hours, when the supernatant was clear, ethanol was added until the ring marking. The water content of
the air-dried samples at the time of particle density analysis was determined by oven drying at 105 °C
overnight and included in the overall calculation:
pd =
b∗d





where a is the amount of added alcohol [ml], b the weight of air-dried soil in the flask [g], c the weight of
air-dried soil sample before oven-drying [g], d the weight of the oven-dried sample [g], e the flask volume
(50 ml) and f the magnet volume (0.83 ml).
Based on the parameters, initial and final void ratio (e), porosity (Φ) and WFPS (before and after
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Wilcoxon rank sum tests were conducted for comparing physical and chemical soil properties between
the plot treatments A and C. Differences in initial porosity and initial WFPS to porosity and WFPS after
compaction were analyzed using multiple lme models with cylinder and plot number as random factors and
a time series structure in RStudio 4.0.0 (R Core Team 2020) with packages “nlme” (Pinheiro et al. 2020)
and “emmeans" (Lenth 2020). The initial model included all factors and interactions: time (before, after
compaction), plot treatment, pressure and moisture level. The best fitted model for porosity included
time interacting with each pressure level, moisture level and plot treatment. For WFPS, moisture level
as well as interactions between pressure and plot treatment with time were combined in the lme model,
which was used in the consecutive ANOVA and pairwise comparisons.
2.8 Mechanical behaviour of peat soil
The compression curve is expressed by the change of void ratio as a function of the logarithm of applied
stress σ. The compression index Cc was determined as the mean slope of the loading path until the target
pressure was reached. In order to take elastic behaviour into account, the slope was calculated between
25 kPa and max. stress (σmax) (equation 7). The recompression index Cs was calculated similarly to Cc















where, e25 is the void ratio at σ25 (σ = 25 kPa) , emax is the void ratio at σmax and e f inal final void ratio
after unloading. The relationships between soil compressive indices Cc and Cs and other soil properties
(organic matter content, initial void ratio e, initial porosity, initial VWC and initial WFPS) were evaluated
by fitting linear regression models. Kruskal wallis test and dunn post hoc test were performed to analyze
the effects of plot treatment, moisture level and pressure level on Cc and Cs. For this RStudio 4.0.0
(R Core Team 2020) was used with the package “FSA” (Ogle et al. 2021).
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3 Results
3.1 Field measurements
In the field, soils with sand addition (C, orange) had significant lower CO2 emissions compared to the
control samples (A, turquoise, p = 0.0431). The change in CO2 fluxes per treatment, for both soil
temperature and VWC during calendar week 16-28 are shown in figures 6 and 7. Each point represents
the mean CO2 flux of the three plots per treatment while the triangle indicates the corresponding soil
temperature (VWC). In spring, CO2 fluxes were lower and raised over the measuring period following the
changes in soil temperature (p < 0.0001), whereas VWC did not have a significant effect.
Fig. 6: Mean CO2 flux and standard deviations of field measurements during calendar week 16-28. Each point represents
3 measuring points per plot treatment. Triangle and dotted bars indicate soil temperature [°C]. CO2 flux of control A
(turquoise) was statistically different from C (orange, p = 0.0431). CO2 fluxes were highly dependent on soil temperature
(p < 0.0001). Significant p-values of ANOVA using a linear mixed effect (lme) model: *** < 0.001, ** < 0.01, * < 0.05.
3.2 Incubator measurements
The analysis of the incubator measurements shows that all tested factors significantly influenced CO2
fluxes. Furthermore, significant interactions between the tested variables were found, which are indicated
in table 3. Although no correlation between water content and CO2 emissions was found in the field
experiment, the difference in moisture affected the CO2 emissions in the laboratory experiment. Samples
with lower water content (M1) had higher net CO2 emissions compared to M2 (p < 0.0001, see figures
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8 and 9).
Fig. 7: Mean CO2 flux and standard deviations of field measurements during calendar week 16-28. Each point represents 3
measuring points per plot treatment. Triangle and dotted bars indicate VWC [%]. CO2 flux of control A (turquoise) was
statistically different from C (orange, p = 0.0431). No statistical effect between VWC and CO2 fluxes was found. Significant
p-values of ANOVA using a linear mixed effect (lme) model: *** < 0.001, ** < 0.01, * < 0.05.
Table 3: Significant treatment effects and interactions on CO2 emissions of the incubator measurement. ANOVA conducted
using a linear-mixed effect (lme) model with cylinder and plot number as random effects and a time series structure.
Significant p-values: *** < 0.001, ** < 0.01, * < 0.05.
Treatment effects on CO2 fluxes DF F-value p-value Significance level
day 144 63.805 < 0.0001 ***
moisture 25 64.234 < 0.0001 ***
pressure 25 3.629 0.0413 *
plot treatment 4 19.974 0.0111 *
Interactions:
day:moisture 144 14.953 < 0.0001 ***
day:pressure 144 5.680 < 0.0001 ***
day:moisture:pressure 144 3.117 0.0013 **
day:moisture:plot treatment 144 2.424 0.0383 *
3.2.1 Influence of sand addition on CO2 fluxes
Similar to the field measurement, CO2 emissions were lower for plot treatment C (p = 0.0111) while this
effect was dependent on moisture level and measured day (p = 0.0383). Figures 8 and 9 show differences
in plot treatment per day in combination with significant differences between the measured days. Each
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Fig. 8: Mean CO2 flux (n=3) and standard deviations per plot treatment at lower moisture conditions (M1). Compaction
with 200 kPa at day 4 indicated with dotted line. Letters indicate statistical significances of pairwise comparisons between
treatments and days (p < 0.05). Control A (turquoise) always had a significantly higher CO2 flux than C (orange). A
significant reduction in CO2 fluxes on days 5-7 compared to days 1-3 shows compaction effect in plot treatment C. Control
A showed significantly lower CO2 fluxes on day 5 comparing to days 1-3 and no difference between days 1, 2, 6 and 7.
Fig. 9: Mean CO2 flux (n=3) and standard deviations per plot treatment at higher moisture conditions (M2). Compaction
with 200 kPa at day 4 indicated by dotted line. Letters indicate statistical significances of pairwise comparisons between
treatments and days (p < 0.05). Control A (turquoise) had significantly higher CO2 fluxes than C (orange) except at day
6. Significant reduction in CO2 fluxes on days 5-7 compared to days 1-3 show compaction effect for both plot treatments.
Treatment C had significantly lower CO2 flux on day 7 compared to previous days.
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point represents three cylinders compacted with 200 kPa on the fourth day at moisture level M1 (Fig. 8)
and M2 (Fig. 9). Statistical significances between plot treatments and days are indicated with letters (p
< 0.05). Both figures show that the control samples A (turquoise) had significantly higher CO2 fluxes
than C (orange). This effect was observed every day, except for samples of M2 on the sixth day, where
only a trend was observed (p = 0.065).
3.2.2 Influence of soil compaction on CO2 fluxes
Next to sand addition, CO2 fluxes were dependent on the day, hence the compaction. In many cases for
different moisture levels and pressures, significances between days 1, 2, 3 to 5, 6, 7 were found, showing a
large reduction in CO2 emissions after compaction (see figures 8, 9 and table S1 for compaction pressures
100 and 300 kPa). At lower moisture conditions (M1), a compaction effect at a mechanical loading of
200 kPa was measureable for treatment C while the pattern for treatment A was more unclear (Fig.
8). For treatment A when days 1-3 and 5 are compared, a compaction effect was detected. However,
no significant change in CO2 fluxes comparing days 1 and 2 to 6 and 7 was found. Furthermore, no
compaction effect on CO2 fluxes was measured for M1 with a mechanical loading of 100 kPa for both
plot treatments. At higher water contents (M2), CO2 fluxes were significantly lower after compaction
(days 5-7) compared to pre-compaction fluxes (day 1-3, Fig. 9). Furthermore, a significant reduction of
CO2 emissions at the seventh day compared to the fifth and sixth days was detected for pressure level
200 kPa.
3.2.3 Influence of different mechanical loading on CO2 fluxes
The effect of compaction on CO2 fluxes was dependent on the mechanical loading (p = 0.0413) which
interacted with moisture level and day (p = 0.0383). Before compaction (days 1-3), there was no
difference in CO2 fluxes between the pressure levels. After compaction at days 5-7, differences between
some pressures could be observed. Figures 10 and 11 show the mean CO2 fluxes of plot treatment
C at both moisture levels. Each point represents three cylinders and statistical significances between
pressures are indicated with letters (p < 0.05). Both plot treatments had a similar pattern of differences
between pressures. Therefore, only treatment C is shown in both figures. At moisture level M1, only
significant differences between mechanical loading of 100 and 300 kPa at day 6 and 7 were found (Fig.
10), indicating lower CO2 net fluxes at higher compaction pressure. At very moist conditions (M2), CO2
net emissions were significantly lower when compressed with 200 kPa compared to 100 kPa at days 5-7
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Fig. 10: Differences in mean CO2 fluxes and standard deviations (n=3) at moist soil conditions (M1) per pressure level (100,
200, 300 kPa) after compaction (Days 5-7). Plot treatment A and C show similar pattern, thus only C is represented in this
figure. Letters indicate statistical significances of pairwise comparisons between pressures per day (p < 0.05). Significant
differences between CO2 fluxes compacted with 100 and 300 kPa were found on day 6 and 7.
Fig. 11: Differences in mean CO2 fluxes and standard deviations (n=3) at higher moisture conditions (M2) per pressure
level (100, 200, 300 kPa) after compaction (Days 5-7). Plot treatment A and C show similar pattern, therefore only C is
represented in this figure. Letters indicate statistical significances of pairwise comparisons between pressures per day (p <
0.05). Significant differences between CO2 fluxes compacted with 100 and 200 kPa were found on all days and 100 and
300 kPa on day 7.
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(Fig. 11). Significant differences between 100 and 300 kPa were only found on the seventh day and
tendencies at the fifth day. At the seventh day, a trend was observable that CO2 fluxes were higher when
the soil was compacted with 300 kPa compared to 200 kPa. This trend was only observed for M2.
3.2.4 Influence of soil compaction on N2O fluxes
Compaction influenced N2O emissions, as fluxes were only detectable on days 5-7. Significant differences
for days after compaction were found (p = 0.0184). Pairwise comparisons show that N2O fluxes on day
5 were significantly higher than on day 6 and 7, respectively (p = 0.0195, p = 0.028), but no treatment
effect was found.
3.3 GHG dynamics during compaction
A typical dynamic of CO2 concentration before, during and after compaction is shown in Fig. 12, while
dynamics of a control sample without compaction is shown in Fig. S1. The grey bars indicate start as
well as end of the compaction and show the peak emission of CO2 when the soil sample was compacted.
Comparing the slopes of CO2 fluxes right before and after compaction, a significant reduction in CO2
emissions was observed (p < 0.0001, see Fig. 13). Analogous to the incubator and field measurements,
significant differences between plot treatments were found. The control plots A (turquoise) had higher
CO2 emissions compared to C (orange, p = 0.0014). The moisture level also influenced CO2 fluxes (p =
0.0001) while different pressures and interactions between factors were not significant.
3.4 Influence of compaction on physical properties
In general, control samples A had approx. 10 % higher porosity compared to plot treatment C (p =
0.0016). Figure 14 shows the initial porosity (1 kPa) compared to the porosity after compaction per
pressure level. Compaction reduced porosity significantly and was dependent on pressure intensity (p <
0.0001). Reduction in porosity was higher when compressed with 300 kPa compared to 100 kPa (p <
0.0001). Higher compression led to a higher WFPS (p < 0.0001) and depended on plot treatment (p
= 0.0118, Fig. 15). These interactions were not significant in pairwise comparisons. Although control
sample A had a higher porosity than C, a significant relationship between plot treatment and WFPS was
not observed.
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Fig. 12: Example of a typical dynamic in CO2 concentration [ppm] before, during and after compaction measured in the
head-space connected to compression machine. Grey bars indicate the start and end point of the compaction.
Fig. 13: Differences in mean CO2 fluxes and standard deviations (n=3) directly before and after compaction with 200 kPa
per moisture level (M1, M2) and plot treatment (A, C). Significant reduction in CO2 emissions after compaction (p <
0.0001). Control A had significant higher CO2 fluxes than C (p = 0.0014) and differences between moisture content (p =
0.0001). Significant p-values of ANOVA using a linear mixed effect (lme) model: *** < 0.001, ** < 0.01, * < 0.05.
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Fig. 14: Differences in mean initial porosity at 1 kPa (n=9) and mean porosity after compaction (n=3) and standard
deviations per moisture level (M1, M2) and pressure level (100, 200, 300 kPa). Letters indicate statistical significances of
pairwise comparison between plot treatment (A, C) and pressures (p < 0.05). Control A (turquoise) had significant higher
porosity than C (orange) (p = 0.0016) and compaction led to significantly lower porosity (p < 0.0001).
Fig. 15: Differences in mean initial WFPS (water filled pore space) at 1 kPa (n=9) and mean WFPS after compaction (n=3)
and standard deviations per moisture level (M1, M2) and pressure level (100, 200, 300 kPa). The triangle marks a potential
outlier. Letters indicate statistical significances of pairwise comparison between plot treatment (A, C) and pressures (p <
0.05). Higher mechanical loading led to higher WFPS (p < 0.0001). No difference between plot treatment was found.
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3.5 Mechanical properties
Figure 16 shows a typical development of stress during the compaction over time . The compaction
stress increased until the target pressure (here 200 kPa) was reached. Then the piston stayed in place
for the holding time of 120 seconds while no additionally stress was applied. Thus, the soil relaxes and
the measured stress decreased. The corresponding compression curve to Fig. 16 is shown in the upper
part of Fig. 17. The continuous black line is the loading path with the grey dots indicating the measur-
ing points. The red line indicates the virgin compression line and its slope determined as Cc. The blue
line indicates the unloading path, the swelling line, which is the elastic and reversible behaviour of peat
soils after stress release, whereas the slope is termed Cs. Comparing the compression curves presented
in Fig. 17, both indices (Cc and Cs) were larger for plot treatment A than for C (p < 0.0001). The
(re-)compression behaviour of natural peat soils (A) was approximately twice as high as peat with sand
addition (C, see table 4). The average value for Cs of 0.21 (0.10) implies that unloading to 1 kPa leads
to an average increase in void ratio of 0.51 (0.24). Intensity of applied stress and moisture level did not
have a significant influence on the (re-)compression behaviour of peat soils.
Fig. 16: Example of the measured applied stress during compaction over time. After the target pressure (here 200 kPa)
was reached the piston stayed in that position for 120 seconds without applying further vertical stress on the soil core.
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Fig. 17: Example of a measured compression curve as a function of void ratio (e) and the logarithm of applied stress (σ)
for plot treatment A (upper curve) and C (lower curve). Grey points indicate the measured values while the red and blue
line, respectively express the virgin compression line (VCL) and swelling line (SL). The slopes of the virgin compression line
and swelling line are termed Cc and Cs. Both indices Cc and Cs were larger for A than C (p < 0.0001), indicating lower
compressibility and rebound for peat soils with sand addition.
Table 4: Compression and recompression index Cc and Cs per plot treatment A and C. Significant differences between plot
treatment indicated with significant level. P-values of Kruskal Wallis test: *** < 0.001, ** < 0.01, * < 0.05.
Treatment A Treatment C Significance level
Cc 0.54 (± 0.12) 0.26 (± 0.08) ***
Cs 0.21 (± 0.06) 0.10 (± 0.03) ***
Positive correlation between Cc and initial void ratio e0 was found, as shown by the linear regression
equation 9. The correlation between Cc and e0 was slightly stronger than that between Cs and e0 (equation
10). No further linear relationships between mechanical properties and soil properties were found.
Cc =−0.068(±0.048)+0.135(±0.132)∗e0 R2 = 0.75, p < 0.0001 (9)
Cs =−0.024(±0.026)+0.053(±0.007)∗e0 R2 = 0.62, p < 0.0001 (10)
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4 Discussion
4.1 Influence of sand addition on CO2 emissions
Laboratory and field measurements of this study show that sand addition leads to significantly lower CO2
emissions. These findings align with the measurements conducted 2017-2019 at the same field site (Ö.
Berglund 2020). Comparing absolute CO2 fluxes from samples of control and peat soil with sand addition
a significant reduction in CO2 emissions in field and laboratory experiments were observable. In contrast,
there was no difference when specific CO2 fluxes of both treatments were compared (see figures S2, S3).
The specific CO2 flux is normalized to the Corg content and the non-significant difference in specific CO2
flux from peat with and without sand addition indicates that the degradation rate of peat soils was not
reduced by incorporation of sand. This implies that organic matter of the samples with sand addition was
not stable, which aligns with studies conducted on a bog peat with sand addition (Säurich et al. 2019).
The decrease in Corg content due to sand addition might be the reason for the reduction of the absolute
CO2 emissions found in the field and laboratory experiment as higher mineral content in peat soil leads to
higher macropore contents (Walczak et al. 2002). This change in pore size distribution affects the water
retention characteristics (Walczak et al. 2002; Frey et al. 2009), but might also influence gas fluxes.
Interestingly, comparing both plot treatments, a significant difference in porosity (p = 0.0016) was found,
but not for WFPS. Therefore, porosity might be a better predictor than WFPS for altered gas fluxes
due to sand addition. Although, changes in pore size distribution should be considered in future studies.
According to Höper (2015) lower CO2 emissions of sand addition can only be expected on cultivated
grasslands. Because of ploughing in agricultural management, cultivated fields with sand addition have
similar emission as agricultural peatlands without sand incorporation. Therefore, more studies with various
peat types and different amounts of sand addition under different agricultural managements are necessary
to identify, whether the reduction of Corg in the topsoil, leading to changes in physical properties, might
promote a stabilization of the soil organic matter. This stabilization is crucial for an efficient management
practice to protect peat soils from degradation.
4.2 Influence of soil compaction on CO2 emissions
This study shows that soil compaction reduces the CO2 emissions. After the outgassing effect during
compaction described by Mordhorst et al. (2014), the CO2 reduction was observed directly after com-
paction as well as during the measuring period of three days. These findings align with studies conducted
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on cultivated, mineral soils (Teepe et al. 2004; Ruser et al. 2006; Gregory et al. 2007; Frey et al. 2009;
Weisskopf et al. 2010; Mordhorst et al. 2014), but are contradictory to Busman et al. (2021), who indi-
cated higher CO2 fluxes at higher bulk densities over a 12 week measuring period for peat soils. Next to
the longer measuring period, the chosen bulk densities were lower (0.14 - 0.22 g cm−3) than in this study
(treatment A: initial 0.3 ± 0.02 g cm−3, final 0.34 ± 0.03 g cm−3). Lower initial bulk densities are due to
lower degradation degree (H5-H6 to H9-H10) and different peat types (forest swamp peat to fen peat).
Compaction leads to an increase in bulk density and a decrease in porosity (Ball et al. 2008). Although,
bulk density and porosity are not a good indicator for assessing the influence of compaction stress on
microbial activity due to changes in soil aeration and water flow (Young and Ritz 2000). A small variation
in total porosity (bulk density) due to compaction can have a high variability in pore size distribution,
changing the relative proportion of micropores and macropores (Verry et al. 2011). Compaction reduces
the amount and continuity of macropores, which controls water and air flow (McNabb et al. 2001; Frey
et al. 2009), leading to an enhanced capillary rise and water retention capacity (Melling et al. 2014).
This results in higher WFPS, which affects CO2 fluxes. Topsoil peat respiration is maximal at medium
WFPS. When this optimum is exceed, the microbial respiration and decomposition rate of organic matter
decreases leading to lower net CO2 fluxes from soils (Doran et al. 1990; Husen et al. 2014; Melling et al.
2014). Optimal WFPS for soil respiration is dependent on soil texture and highest CO2 emissions occur
in different mineral soils at WFPS between 40 - 70 % (Linn and Doran 1984; Doran et al. 1990). For
peat soils, maximal CO2 emissions were reported at 50 % (Husen et al. 2014) and 60 - 70 % WFPS (Lent
et al. 2019). In this study, it can be assumed that the initial WFPS (> 70 %) was already higher than the
optimal WFPS value for soil respiration. Therefore, the reduction in CO2 emissions due to compaction
can be explained by the increase in WFPS. This can also be seen by comparing both moisture levels,
where slightly higher water contents resulted in lower CO2 emissions. However, when WFPS is below
the reported optimum (eg. 60 %), an increase in WFPS enhances microbial population and respiration
(Linn and Doran 1984; Husen et al. 2014). Under realistic field conditions, it is very likely that WFPS
lies below that limit, because of limited trafficability at wet conditions. Therefore, peat soil compaction
could lead to higher CO2 emissions when initial WFPS are below 60 %. More studies with different initial
water contents are necessary to understand the impact of soil compaction on GHG fluxes. It is also
recommended that soil cores are drained on a sand bed to defined water retentions. This method can
effectively create different moisture levels and is less disturbing than drying the samples at 30 °C. In this
study, the air-drying method at 30 °C was chosen because of time limitations.
27
MSc. Thesis Antonia Hartmann Greenhouse gas emissions from compacted peat soil
4.3 Influence of different mechanical loading on CO2 fluxes
Differences in mechanical loading on CO2 fluxes were found in the incubator measurements, three days
following compaction. Although the results show an unclear pattern, especially at higher moisture condi-
tions (M2). There, differences between 100 and 200 kPa were found every day and a trend for significant
differences between all pressures at day 7 was observed. It was unexpected that CO2 fluxes seem to be
higher when compacted with 300 kPa compared to 200 kPa. However, this might be due to an outlier
at compaction pressure 200 kPa. It is difficult to remove outliers due to the small sample size (three per
treatment group). Therefore, a bigger sample size would be necessary to deal with outliers and to have
higher statistical power. At lower moisture conditions (M1), there was a significant difference between
100 and 300 kPa, indicating a higher reduction of CO2 emissions at higher mechanical loading. This
aligns with Frey et al. (2009), where high loading intensity lead to a higher disturbance and lower CO2
emissions, while at low and moderate loading an adequate air-filled porosity maintains ecological func-
tions. This could also explain the non-significant effect of soil compaction with 100 kPa on CO2 fluxes
at lower moisture conditions (M1, see Fig. S4). Furthermore, there were tendencies that higher intensity
of mechanical loading affected porosity (p < 0.1 for 100-300 kPa and 200-300 kPa). Larger differences
in pressure might have led to a more differentiated result.
However, Clay and Worrall (2013) show that the presence of compaction is more important than the
intensity. Peat soil CO2 emissions are reduced by up to 75 % by sheep trampling. This effect is reversed
when sheep trampling is stopped (Clay and Worrall 2013). Although effects of compaction by animals
and vehicles are difficult to compare, because of the different disturbance regimes, recovery properties of
peat soils after disturbance might play an important role for further studies. At the field site in Broddbo
an ongoing compaction field trial is conducted. One year after the mechanical compaction the initial
difference in penetration resistance between control and compaction plot was no longer measurable (Ö.
Berglund 2021). It is currently studied, if this single compaction event last year had a long-term effect
on GHG emissions. Furthermore, Busman et al. (2021) describe that the effect of bulk density on CO2
fluxes changed over the twelve week measuring period. Samples with higher bulk density had higher CO2
fluxes in week 0-8 and lower during week 9-12 compared to less compacted samples. Therefore, long-
term incubation and field studies are necessary to understand changes of GHG fluxes after compaction.
Thereby, additional soil microbiological analysis techniques could complement GHG measurements to
assess short- and long-term responses of microbial communities to soil compaction. This could help
understanding the effects of higher disturbance by heavier machinery on soil microbial communities and
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ecosystem functioning, which is important to explain altered GHG fluxes. Further studies with different
cultivated peatlands are needed due to the high heterogeneity of peat soils. Furthermore, it would be
interesting to analyze recompaction of peat soils to simulate multiple passes of a tractor and its effect
on CO2 fluxes.
4.4 Influence of soil compaction on N2O fluxes
Nitrous oxide fluxes above detection limit were only found in incubator measurements after compaction.
These were highest on day 5 suggesting that compaction leads to hot moments in N2O emissions. Higher
WFPS due to compaction enhanced denitrification and hence N2O emissions. Nevertheless, these findings
have to be treated cautiously, as only 36 % of the samples had measurable N2O fluxes after compaction.
No further treatment effects could be observed because of the small sample size with detectable N2O
fluxes. This reflects the high heterogeneity of peats and temporal variability of N2O emissions.
4.5 Improvement of GHG measurements during compaction
An important part of this study was to develop a method to observe GHG dynamics during compaction,
as this has been rarely studied. The soda lime experiment showed that the chosen set-up was air-tight
and leakage could be neglected. The rubber was a suitable solution because of its elastic properties. It
fitted around the piston perfectly and mitigated leakage (see Fig 4). A plastic ring covered the sharp
edges of the cylinder bottom to prevent ripping of the condom. However, the system is still very sensitive
to ripping and it has to be tested when higher pressures and loading speeds are applied. When higher
pressures (eg. 500 kPa) and loading speeds are used, it should be considered not to use too wet soils,
as excess water accumulates in the system and increases the risk of the rubber breaking. Furthermore,
excess water which leaves the soil core is lost and might affect the following GHG measurements and the
precision of the parameter calculations.
Flushing of the system after compaction measurement with ambient air took a very long time and
usually CO2 concentrations did not drop below 500 ppm. Therefore, the initial CO2 concentration in the
consecutive measurement was already high. Flushing the system with soda lime instead of ambient air
could resolve this problem and improve workflow.
In pre-tests, a loading rate of 1 mm/sec and pressures up to 500 kPa were tested. However, higher
loading rate and pressures regularly led to an over-compaction over 10 %, meaning that the target pressure
was exceeded. This could be because of the strong stiffness of organic soils at large compaction pressures
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(Den Haan 1997). In order to minimize over-compaction, the loading rate was reduced to 0.5 mm/sec
and applied stresses between 100-300 kPa.
4.6 Mechanical behaviour of peat soils
In general, peat soils have higher (re-)compression properties than mineral soils. One reason is the
high initial void ratio of peat soils leading to a large deformation when mechanical loading is applied
(ElMouchi et al. 2021). Positive correlations between initial void ratio and mechanical properties Cc and
Cs were found, indicating higher deformation and rebound behaviour to external loading at higher void
ratio. Secondly, compression and recompression behaviour are dependent on soil organic carbon content
(Yamaguchi et al. 1985; Zhang et al. 2005; Kuan et al. 2007). Although no linear relationship between
organic matter content and Cc and Cs was found, a difference in plot treatment was observed. Sand
addition led to an improvement of soil resistance (lower Cc), while the rebound after compression was
reduced (lower Cs).
According to literature Cc ranges between 0.5 and 18 for organic soils because of the high initial void
ratio (Lefebvre et al. 1984; Yamaguchi et al. 1985; Ajlouni 2000; Abdel Kadar 2010; Vennik et al. 2019).
In this experiment, the mean Cc was 0.57 (A) and 0.25 (C) ranking in the lower range of the suggested
scale. Estimation of Cc could be improved, if void ratio and corresponding mean vertical stress were
fitted with the Gompertz equation. The fitted model could then be used to calculate the corresponding
compressive property Cc (O’Sullivan 1996; Gregory et al. 2006; Vennik et al. 2019). Furthermore, Cc
is dependent on applied compaction stress, initially increasing with increased stress and decreasing when
twice the precompression stress is exceeded (Yamaguchi et al. 1985; Mesri et al. 1997; ElMouchi et al.
2021). In this study, Cc was not influenced by different stress intensities. This could be due to relative
small difference between the applied pressures compared to common compaction studies (Keller et al.
2011; Madaschi and Gajo 2015; Yang et al. 2016; Vennik et al. 2019). Estimated Cs seemed very low
and was one magnitude lower than Vennik et al. (2019) reported for another peat soil. One reason
could be the high variability between different peat types, or due to the higher intensity of applied stress,
which was 2.8-8.5 times higher than in this study. Compression and especially recompression behaviour of
organic soils due to vehicular traffic is little studied. Therefore, more research is necessary to investigate
the mechanical compressive behaviour of different peat types. Furthermore, it is important to consider
rate-dependent and viscous behaviour of peat, when mechanical behaviour is examined (Yang et al. 2016).
This study did not account for either of these and this should be subject of further studies.
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5 Conclusions
This study showed that sand addition could be a good management practice to reduce CO2 emission of
peat soils, while improving soil physical properties. Contrary to the findings of Busman et al. (2021), soil
compaction led to a reduction in CO2 emission after a short-term burst effect. This might be due to
very high initial WFPS and an opposite effect on CO2 fluxes could be plausible at lower water contents,
simulating more realistic field conditions for vehicular traffic. Therefore, more studies with different
water contents are crucial to understand the influence of compaction on GHG fluxes. Higher intensity of
mechanical loading does not necessarily result in a higher effect on CO2 emissions. The trend of CO2
emissions after applying different pressures (100, 200 and 300 kPa) was unclear. This could be due to
limited statistical power, but can also imply that the presence of compaction might be more important
than the intensity. Furthermore, compaction might lead to hot moments in N2O emissions. The developed
set-up of in-situ GHG measurements during compaction worked and the dynamics of CO2 emission could
be observed. After small adjustments, this method could be used for further research, studying changes
in GHG emissions due to compression. Mechanical properties of peat soils were influenced by sand
incorporation. Sand addition reduced soil compressibility (Cc) as well as rebound after stress release (Cs).
Linear relationships between initial void ratio and compressive indices Cc and Cs were found, but not for
other soil properties. Accurate prediction of the mechanical behaviour of peat soils during vehicular traffic
is highly relevant and little understood. There is a great need for further research to accurately estimate
mechanical behaviour to vehicular traffic. Further studies should include experiments with multiple loading
steps and loading rates to account for rate-dependant and viscous behaviour of peat soils.
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Supplementary Material
Fig. S1: Dynamics of CO2 concentration [ppm] without compaction measured in head-space connected to the compression
machine, R2 = 0.99, p < 0.0001.
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Fig. S2: Mean specific CO2 flux (n=3) and standard deviations per plot treatment at lower moisture conditions (M1).
Compaction with 200 kPa at day 4 indicated with dotted line. Letters indicate statistical significances of pairwise comparisons
between treatments and days (p < 0.05). Specific CO2 flux was calculated by normalizing gas flux with corresponding Corg
content of dry soil weight. Thereby, no significant difference between specific CO2 flux of control (A, orange) and samples
with sand addition (C, turquoise) was found.
Fig. S3: Mean specific CO2 flux (n=3) and standard deviations per plot treatment at lower moisture conditions (M2).
Compaction with 200 kPa at day 4 indicated with dotted line. Letters indicate statistical significances of pairwise comparisons
between treatments and days (p < 0.05). Specific CO2 flux was calculated by normalizing gas flux with corresponding Corg
content of dry soil weight. Thereby, no significant difference between specific CO2 flux of control (A, orange) and samples
with sand addition (C, turquoise) was found.
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Fig. S4: Differences in mean initial air-filled pore space (AFPS = porosity-VWC) at 1 kPa (n=9) and mean AFPS after
compaction (n=3) as well as standard deviations per moisture level (M1, M2) and pressure level (100, 200, 300 kPa). The
triangle marks a potential outlier. Letters indicate statistical significances of pairwise comparison between plot treatment
(A, C) and pressures (p < 0.05). Linear mixed-effect model of ANOVA included factors plot treatment and interaction
of pressure and moisture level. Higher mechanical loading led to higher AFPS (p < 0.0001). No difference between plot
treatment was found.
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